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Abstract: Amongst the four bases that form DNA, guanine is the most susceptible to 
oxidation, and its oxidation product, 7,8-dihydro-8-oxoguanine (8-oxoG) is the most 
prevalent base lesion found in DNA. Fortunately, throughout evolution cells have 
developed repair mechanisms, such as the 8-oxoguanine DNA glycosylases (OGG), which 
recognize and excise 8-oxoG from DNA thereby preventing the accumulation of 
deleterious mutations. OGG are divided into three subfamilies, OGGl, 0GG2 and AGOG, 
which are all involved in the base excision repair (BER) pathway. The published structures 
of OGGl and AGOG, as well as the recent availability of 0GG2 structures in both 
apo- and liganded forms, provide an excellent opportunity to compare the structural and 
functional properties of the three OGG subfamilies. Among the observed differences, the 
three-dimensional fold varies considerably between OGGl and 0GG2 members, as the 
latter lack the A-domain involved in 8-oxoG binding. In addition, all three OGG 
subfamilies bind 8-oxoG in a different manner even though the crucial interaction between 
the enzyme and the protonated N7 of 8-oxoG is conserved. Finally, the three OGG 
subfamilies differ with respect to DNA binding properties, helix-hairpin-helix motifs, and 
specificity for the opposite base. 
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1. Introduction 

1.1. Guanine Oxidation 

DNA contains various moieties that can react with a vast array of chemicals and different types of 
radiation. Amongst the agents threatening the integrity of DNA, oxidation is particularly common. 
Reactive oxygen species (ROS) can be generated via exogenous sources as well as from the cell's own 
environment and metabolism [1]. Because of its low redox potential [2,3] caused by the unsaturated 
N7-C8 bond, guanine is prone to oxidation, which generates the most common oxidation product, 7, 
8-dihydro-8-oxoguanine (8-oxoG) [4]. 8-oxoG constitutes the most frequent base lesion observed in 
DNA with an estimated frequency of -0.3-4 lesions/10^ bases [5]. For that reason, the presence of 
8-oxoG is commonly used as a cellular biomarker of oxidative stress [6]. Oxidation of guanine is 
modulated by sequence context. It has been shown both by ab initio calculations and by 
experimentation that the 5'-G of consecutives G's (i.e., GGG, GG) is more prone to oxidation than a 
lone G in DNA [7,8]. In this context, it is speculated that the GC rich regions outside DNA coding 
regions may act as "an oxidation pool" to protect genes [9]. 

1.2. Miscoding Properties of8-oxoG 

8-substituted guanine is a mixture of four tautomeric forms in solution. However, earlier 
spectroscopic studies revealed that the 6,8-diketo form commonly known as 7,8-dihydro-8-oxoguanine 
or the tautomer containing a carbonyl group on C8 and protonated N7 is the major form found under 
physiological conditions [10,1 1]. As a result, 8-oxoG has an altered arrangement of H-bond donors and 
acceptors making this lesion particularly mutagenic because of its miscoding properties [12]. In 
addition to its ability to form a Watson-Crick pairing with cytosine (8-oxoG:C), 8-oxoG has the ability 
to form a stable Hoogsteen pair with adenine (8-oxoG:A) (Figure 1) which can lead to a G:C^T:A 
transversion after replication [13-15]. Conformational studies have shown that contrary to guanine 
which prefers the anti conformation, 8-oxoG prefers to adopt the syn conformation in DNA because 
its 8-0X0 group creates a steric repulsion with the deoxyribose 04' oxygen atom in the anti 
conformation [11,16,17]. Along with its preferred syn conformation, the presence of a proton on the 
N7 atom allows 8-oxoG to mimic a thymine thereby promoting the pairing of 8-oxoG with adenine 
during replication [18,19]. 
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Figure 1. Base pairing properties of 8-oxoG. 8-oxoG forms a stable Watson-Crick base 
pair with cytosine. However, 8-oxoG prefers to adopt the syn conformation in DNA 
because of the steric repulsion between the 8-oxo atom and 04' of the deoxyribose ring. In 
the syn conformation, 8-oxoG can efficiently pair with adenine, which can lead to 
G:C^T:A transversion after replication. 




A(a/7t/> 8-oxoG (syn) 



Given the high mutagenic potential of 8-oxoG it is not surprising that living organisms have 
developed mechanisms to remove it from their DNA. Evolution has devised specialized enzymes that 
can find and remove 8-oxoG from oxidatively damaged DNA. One such enzyme family is the 
8-oxoguanine DNA glycosylase (OGG), which catalyzes the first step in the base excision repair 
pathway (BER). Removal of 8-oxoG by OGGs is critical to prevent genomic instability and to allow 
the correct transmission of genes from one generation to the other. It is conceivable that the 8-oxoG 
removal mechanism emerged quite early in evolution, which may explain why OGGs are widespread 
across all three domains of life. 

2. 8-oxoguanine DNA Glycosylase 

2.7. OGG, Three Families, One Lesion 

OGGs belong to the helix-hairpin-helix (HhH) superfamilly of base excision repair DNA 
glycosylases. HhH enzymes are widespread across all three domains of life suggesting an ancient 
origin [20]. It is noteworthy that OGG are not the only enzymes able to cleave 8-oxoG from DNA. Fpg 
which belongs to H2TH family (or the Fpg/Nei superfamily of DNA glycosylases of the BER 
pathway) and Nth of the HhH superfamily also excise 8-oxoG [21-23]. OGG members are divided 
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into three subfamilies OGGl, 0GG2 and AGOG, which correspond more or less to the three kingdoms 
of life [24]. The majority of OGGl enzymes are found in eukaryotes whereas some OGGl enzymes 
are found in a few bacterial species mostly from the Firmicutes phylum [20]. 0GG2 members are found 
in both bacteria and archaea while AGOG are exclusively found in archaeal organisms. Despite their 
similar helix-hairpin-helix motif, OGG members share very little sequence homology beyond the 
helix-hairpin-helix core. For example, 0GG2 members are completely devoid of the //-terminal domain 
of OGGl and share only 13-19% sequence identity with OGGl (Figure 2A). Even members of 
OGGl can exhibit very low sequence homology with one another: the bacterial OGGl from 
Clostridium acetobutylicum (CacOGGl) shares only 28% identity (Figure 2B) with its human 
counterpart (hOGGl) [25]. Despite these amino acid variations, OGG enzymes share analogous 
3 -dimensional architecture elements such as the HhH motif and are believed to possess the same 
catalytic mechanism based on the similarity of their active site and the conservation of their 
catal)^ic residues. 

Figure 2. Sequence alignment of selected 8-oxoguanine DNA glycosylase (OGG) enzymes. 
(A) Structure based sequence alignment of hOGGl (PDB ID: 1K09 [26]) (OGGl 
subfamily) and MjaOGG2 (PDB ID: 3FHF [27]) (0GG2 subfamily) illustrating the lack of 
A^-terminal A-domain in 0GG2; (B) Structure based sequence alignment of OGGl 
members showing the divergence of amino acids between human and bacterial OGGl 
(hOGGl, PDB ID: 1K09 [26]; CacOGGl PDB ID:3F0Z [25]). (hOGGl = human OGGl 
Uniprot #015527, CacOGGl C. acetobutylicum OGGl Uniprot #Q97FM4 and MjaOGG2 
= M. janischii 0GG2 Uniprot #Q58134). Black boxed residue indicates strict conservation. 
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2.2. Overall Fold of OGG 

The recent availability of 0GG2 structures fills the missing gap between previously reported OGGl 
and AGOG structures [26-30] and makes a comprehensive comparison possible. At first glance, the 
most notable difference between OGGl and both 0GG2 and AGOG is the additional A^-terminal 
A-domain, formed by an antiparallel twisted P-sheet (PA to pD and aA-aB), found only in OGGl 
enzymes (Figure 3A). Since 0GG2 and AGOG enzymes can cleave 8-oxoG from DNA without the 
A-domain, the fact that this domain is conserved across OGGl members suggests that it possesses a 
function yet to be identified. Interestingly, this twisted antiparallel P-sheet domain is also found in 
AlkA, a mono functional glycosylase [31]. Depending on its phosphorylation state hOGGl was 
observed to associate to the nuclear matrix and chromatin [32], which may be a possible function for 
the A-domain. This is supported by the fact that one of the two putative serine protein kinase C 
phosphorylation sites is located in the A-domain (Ser44PheArg). Furthermore, hOGGl exist in two 
major alternatively spliced isoforms, hOGGla and hOGGip [33] which differ in their C-terminus. 
While hOGGla can be found in the cytoplasm, the nucleus and the mitochondria, isoform P is 
exclusively expressed in the mitochondria. Interestingly, a mitochondrial translocation signal has been 
identified within the first 31 invariant amino acids of hOGGl isoforms. Also, the presence of a nuclear 
localization signal is found only in the hOGGla isoform which could explain its widespread 
expression in the cell. Deletion of the mitochondrial translocation signal in the hOGGl A-domain 
seems to prevent its localization to the mitochondria [33]. Similar results have been obtained with an 
A^-terminal 1 1 amino-acid deletion of yOGGl [34], which supports the role of the A-domain in protein 
localization. It is noteworthy that bacterial OGGl enzymes such as Clostridium acetobutylicum 
OGG [24] also harbor the OGGl A-domain. Since bacteria are devoid of a nucleus or mitochondria is 
there another possible role for the OGGl A-domain? The human Protein Reference Database [35] lists 
several protein-protein interactions for hOGGl including protein kinase C, XRCCl, chromogranin B, 
and small nuclear ribonucleoprotein polypeptide F. It is thus possible that the A-domain may act as an 
anchor involved in protein interactions. 

In addition to the A-domain, OGGl members (but not 0GG2 or AGOG) have a short antiparallel 
P-sheet formed by two P-strands (PF-pG) extruding from the B-domain. This P-sheet, first described in 
hOGGl [26,29], has no known biological functions and does not interact with DNA despite its 
conservation. The remaining topology of the B-domain is well conserved across all three OGG 
subfamilies and is formed by a bundle of six a-helices and contains the HhH-GPD motif The 
B-domain comprises pp-pG and aE-aJ in OGGl, aB-aJ in 0GG2 and a3-a9 in AGOG (Figure 3). 
AGOG appears to lack helix aJ (according to OGGl nomenclature), which connects the B-domain to 
the HhH motif Even though the topology of the B-domain is conserved, the overall structures vary 
considerably in size. For example, hOGGl is made of 345 amino acids whereas the bacterial CacOGGl 
(also an OGGl member) is significantly shorter with only 292 residues, although these enzymes share 
a very similar architecture [25]. The reduced size of CacOGGl is reflected in shortened a-helices by 
an average of one helix turn and shorter connecting loops (Figure 3A). 
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Figure 3. Crystallographic structures of selected OGG enzymes from the three subfamilies. 
(A) Superposition of two structures of the OGGl clade (gray = hOGGl PDB ID: 1K09 [26], 
green = CacOGGl PDB ID: 3F0Z [25]); (B) Structure of a representative member of the 
0GG2 subfamily (red = MjaOGG2 PDB ID:3FHF [27]); (C) Structure of an AGOG 
protein (blue = paAGOG PDB ID: IXQO [30]); (D) Superposition of structures from all 
three OGG sub-families illustrating the similarity of the architecture of the B- and 
C- domains. Important structural elements are labeled. 



A 



B 




Among all the domains found in OGG, the structure of the C-terminal domain (C-domain) is the 
most variable one. The C-domain encompasses aC, aD and aK-aO in OGGl, aA and aK-aM in 
0GG2 and al, a2 and alO-al3 in AGOG (Figure 3). It is not surprising since this domain not only 
includes residues of the C-terminal part of OGGl, 0GG2 and AGOG, but also can comprise residues 
from their A^- terminal sequence. In both eukaryotes and bacterial OGGl, the C-domain consists of five 
a-helices, two of which (aC and aD) originate in the A^-terminal sequence. In 0GG2 the C-domain is 
formed by four a-helices and comprises both the A/'-terminal and the C-terminal amino acids. Helix aD 
of OGGl appears to be structurally conserved with the 0GG2 helix aA. The AGOG C-domain is quite 
different from that seen in OGGl and 0GG2: only three a-helices (alO, al2 and al3) of the AGOG 
C-domain are topologically conserved compared to OGGl [30] and it has four additional helices 
(al, a2, all and al4) with no structural counterparts in either OGGl or 0GG2. It is possible that the 
C-terminal residues (-20 a.a.) not observed in the hOGGl models may adopt a secondary structure 
similar to helix al4 and its C-terminal loop in AGOG. 
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2.3. The Helix-Hairpin Helix (HhH) Motif 

DNA-binding proteins vary considerably in the way they interact with their substrates. Many 
DNA-binding proteins bind DNA in a sequence-dependent manner using short speciaUzed motifs like 
the helix-tum-helix or zinc fingers [36] to perform specialized cellular task such as gene regulation. 
However, since DNA damage occurs randomly, DNA-binding proteins have evolved motifs that bind 
DNA in a sequence-independent manner such as the helix-hairpin-helix (HhH) [37]. It is now widely 
known that the HhH-GPD motif (an HhH motif followed by a Pro/Gly-rich stretch and a 
conserved aspartic acid) is the hallmark of the BER superfamily, which comprises the OGG and Nth 
glycosylases [20,38]. Contrary to particular recognition motifs that match specific DNA motifs, HhH 
are very well conserved among glycosylases and bind the DNA backbone rather than specific 
nucleotide sequences. The highly conserved hairpin segment of the HhH usually binds to two DNA 
phosphates and to a cation metal (usually a calcium or sodium) that bridges the hairpin to the DNA 
backbone (Figure4C) [39]. There are virtually no conformational changes of the main-chain atoms of 
the OGGs HhH motif or the metal ion upon binding to DNA. The HhH-GDP motif in OGGl and 
0GG2 is very well conserved structurally whereas in AGOG the HhH motif is significantly different in 
size, shape, and orientation (Figure 4B). Despite these notable differences the catalytic residues 
(Lysl40 and Aspl72) of AGOG's HhH-GPD motif superimpose perfectly with their 0GG1/0GG2 
counterparts (Figure 4B). The most striking difference between AGOG and 0GG1/0GG2 HhH-GDP 
motif is the position of the hairpin itself While in 0GG1/0GG2 the hairpin points towards the 
B-domain, AGOG's hairpin points towards the C-domain, in the completely opposite direction 
(Figure 4B,C). AGOG's hairpin is well stabilized in that conformation by hydrogen bonds and 
non-polar interactions. The non-canonical hairpin conformation is thus predicted to be unaffected by 
DNA binding [30]. In the absence of an AGOG structure in complex with DNA, we speculate that 
AGOG DNA binding differs from what was observed in the 0GG1/0GG2 complexes with DNA. 
We predict that the hairpin of AGOG may bind DNA toward the major groove in contrast to the 
hairpin in 0GG1/0GG2, which binds toward the minor groove (Figure 4C). A superposition of the 
unhganded AGOG structure (PDB ID: IXQO) [30] with MjOGG2 or hOGGl DNA complex 
structures (PDB ID: 3FHF and lEBM, respectively) [27,29] shows that AGOG's hairpin may bind 
DNA via the side chain of ArglOS and Glnl39, rather than their main-chain amide group [30] as found 
in OGGl and 0GG2. Furthermore, the second helix of the AGOG HhH-GPD motif is about twice the 
size of that in 0GG1/0GG2. AGOG thus requires a longer linker peptide to connect the second helix 
of the HhH motif to the helix harboring the catalytic aspartate to maintain the geometry of the active 
site. It is noteworthy that the GPD region following the linker peptide of AGOG HhH superimposes 
well with that of OGGl and 0GG2. 
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Figure 4. Close-up view of OGG helix-hairpin-helix-GPD motif. (A) Structure based 
alignment of the HhH-GPD motif from representative members of all three OGG 
subfamilies. Boxed residues indicate the helices of the motif while a black overlay 
indicates the strictly conserved aspartate and lysine catalytic residues. Underlined residues 
indicate the GPD regions of the motif; (B) Structure superposition of the HhH-GPD motif 
from hOGGl (gray), MjaOGG2 (red) and paAGOG (blue) showing the unusual position of 
the hairpin in AGOG. Furthermore, the elongated helix of the HhH-GPD motif of AGOG 
is accompanied by a longer peptide linker. The catalytic residues of all OGG members 
superimpose perfectly and are depicted by a sphere around their Ca; (C) Putative 
interaction of paAGOG (blue) HhH with DNA showing that the hairpin may bind DNA 
toward the major groove instead of the minor groove as shown in the MjaOGG2/DNA (red) 
complex structure. paAGOG (PDB ID: IXQP [30]) is superimposed onto MjaOGG2 in 
complex with DNA (PDB ID: 3KNT [28]). The sodium atom linking the HhH motif to a 
DNA phosphate group in the MjaOGG2/DNA structure is depicted as a pink sphere. 



A C 




2.4. 8-oxoG Recognition 

Along with the OGG catalytic mechanism (see below), topics related to 8-oxoG recognition, 
binding and selectivity v^'. guanine are still a matter of debate despite many recent advances. However, 
some consensus can be found. At first glance, the difference between 8-oxoG and guanine appears to 
be subtle. Oxidation of the C8 atom to form the 8-oxo group occurs with the concomitant addition of a 
hydrogen to the N7 atom. The first structure of an OGG bound to DNA containing 8-oxoG, hOGGl 
(PDB ID:1EBM) [29] revealed that the 8-oxo moiety was devoid of any contact with the protein. The 
protonated N7, on the other hand, was H-bonded to the carbonyl of a strictly conserved glycine residue 
(Gly42) from the aA-aB loop of the A-domain (Figure 5 A). The interaction between that glycine and 
the N7-H atom of 8-oxoG was further confirmed by the crystal structure of CacOGGl in complex with 
DNA containing 8-oxoG or free nucleoside [25,39]. Attempts to abolish the Gly-N7-H bond by 
mutating hOGGl-Gly42 to an alanine resulted in a mitigated role of this "8-oxoG sensor" because of 
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the steric hindrance created by the alanine methyl group [40]. Since Gly42 is strictly conserved across 
all OGGl enzymes and guanine would be unable to participate in such H-bond, the role of the glycine 
residue in 8-oxoG specificity was easily established. However, the fact that 0GG2 enzymes are devoid 
of the OGGl A-domain and thus its conserved glycine raised the question of how 0GG2 discriminates 
between 8-oxoG and guanine. Crystal structures of Methanococcus janischii OGG (MjaOGG2), an 
0GG2 enzyme, in both apo form and in complex with DNA containing 8-oxoG (PDB ID: 3FHF and 
3KNT respectively [27,28]) revealed that the carboxyl group of the strictly conserved C-terminal 
lysine in 0GG2 structurally overlaps with Gly42 in hOGGl [27,28] (Figure 5B). The position of this 
C-terminal lysine is conserved in two other 0GG2 enzymes (Sulfolobus solfataricus OGG (SSoOGG2) 
PDB ID: 3FHG and Thermotoga maritima OGG (TmaOGG2) PDB ID: 3N0U [27]). The conservation 
of the lysine residue is explained by the tight and highly specific binding of its side chain amino group 
by numerous H-bonds from the protein core. Fortunately, the location of the "8-oxoG sensor residue" 
at the very C-terminus of the enzyme provided the opportunity to generate truncated constructs to 
further study the role of this H-bond acceptor, something that would be impossible to do in OGGl 
(PDB ID:2N0E [41]). A C-terminus truncated 0GG2 construct failed to cleave 8-oxoG from substrate 
DNA while retaining its AP-lyase activity in vitro, strongly suggesting a crucial role for the N7-H 
bond in 8-oxoG/G distinction [27]. Even though the role of the 0GG2 C-terminal lysine seems well 
established in distinguishing between G and 8-oxoG, Gly42 in hOGGl may not be the only factor 
OGGl uses to selectively bind its substrate because hOGGl cleaves substrates devoid of N7-H, such 
as Me-Fapy-G or 7-methyl-8oxoG [42^5]. 

In contrast to 0GG1/0GG2, AGOG appears to be the only OGG subfamily to exploit the 8-oxo 
group in addition to the N7-H bond to bind 8-oxoG. As seen in the AGOG structure in complex with 
8-oxodG (PDB ID: IXQP [30]), the 8-oxo group is stabilized by a H-bond formed with Trp69 
(conserved in AGOGs) while the N7-H is bonded to Gln31 (also conserved) (Figure 5C). However, a 
mutagenesis study of AGOG showed that the interaction between the 8-oxo atom and Trp69 is not 
essential for recognition of 8-oxoG while N7-H bonding to Gln3 1 is needed. Furthermore and unlike 
other OGG, AGOG seems to distinguish 8-oxoG via stacking interactions involving Trp222 [30]. This 
residue undergoes a very large movement to stack against the 8-oxodG rings and appears to be very 
important for 8-oxoG recognition [30,46]. 

The addition of two extra atoms on 8-oxoG compared to the normal base guanine has a significant 
effect on the electrostatic charge distribution of the modified base. In fact, the electrostatic dipole on C8 
and N7 atoms is completely inverted when guanine is oxidized to 8-oxoG. Electrostatic surface 
calculation of the hOGGl 8-oxoG binding pocket indicates the presence of a dipole formed by 
Lys249(NH3^) and Cys253(S~) that perfectly matches the charges of the 8-oxoG dipole [25,40] favoring 
8-oxoG over guanine. Free energy calculations of 8-oxoG v^'. guanine binding to the active site showed a 
10^-fold preference for 8-oxoG over guanine. This Lys-Cys dipole charge difference could represent an 
additional feature OGG enzymes use to discriminate between 8-oxoG/G. However, a recent study of 
hOGGl separation-of-function mutants revealed that the "dipole effect" does not affect cleavage of 
8-oxoG [47]. A hOGGl inverted-dipole mutant was created by switching the Lys249 and Cys253 
positions, in addition to a dipole-deficient mutant (Cys253Ala). The results [47] showed no significant 
change in 8-oxoG processing compared to wild-type hOGGl. It thus appears that the observed dipole is 
not mandatory for 8-oxoG discrimination or catalysis. This observation seems to be corroborated by the 
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structure of hOGGl in complex with guanine (PDB ID: 3IH7 [48]) in which the guanine base 
occupies the exact same position as observed for 8-oxoG in the hOGGl-SoxoG DNA complex (PDB ID: 
lEBM [29]). The possible contribution of the "dipole effect" on 8-oxoG binding is unlikely to occur in 
0GG2 or AGOG in which the residue corresponding to Cys235 in hOGGl is a histidine in 0GG2 or a 
phenylalanine in AGOG. In summary, the mechanism of 8-oxoG/G distinction may be multi-factorial in 
OGGl but it appears to be more straightforward in 0GG2 or AGOG. 

Figure 5. Close-up view of the 8-oxoG binding pocket. The figure shows the movement 
displayed by amino acids upon binding of the 8-oxoG substrate. (A) Apo hOGGl is 
depicted in dark gray and hOGGl in complex with DNA is depicted in pale gray (PDB ID: 
1K09 and lEBM respectively [29,30]); (B) Apo MjaOGG2 and MjaOGG2 in complex 
with DNA containing 8-oxoG are depicted in red and pink, respectively (PDB ID: 3FHF 
and 3KNT [27,28]); (C) Apo paAGOG and paAGOG in complex with the 8-oxodG 
nucleoside are colored in dark and light blue, respectively (PDB ID: IXQO and IXQP [30]). 
The red curved arrow indicates the large conformational change affecting paAGOG-Trp222 
upon 8-oxodG binding. Boxed labeled residues indicate the position of the conserved 
catalytic amino acids. H-bonds involved in 8-oxoG binding are depicted by green dashed 
lines. Water molecules were omitted for clarity. 




Int. J. Mol ScL 2012, 13 



6721 



2.5. Conformational Change upon 8-oxoG Binding 

Binding of a large molecule substrate such as DNA is not without consequence on the protein 
conformation. In general, OGG domains tend to slightly shift toward the DNA molecule that lies in the 
deep middle groove of the enzyme causing a closure of the domains. This is especially true with the 
C-domain that undergoes several conformational changes. However, most of these changes are found 
in or near the active site with consequential adaptation of surrounding structural elements. In fact, the 
presence of an 8-oxoguanine nucleoside (8-oxodG) seems to be sufficient to promote most of the 
observed conformational changes. For example, the complex structure of AGOG with 8-oxodG 
displays shifts of numerous a-helices toward the active site compared to the apo-enzyme. This was 
further confirmed with the crystal structures of CacOGGl (a bacterial OGGl) in complex with 
8-oxodG and with DNA [25,39]. CacOGGl is the only OGG crystallized in apo-, 8-oxodG and 
DNA-bound forms (PDB ID: 3F0Z, 3F10 and 3I0W, respectively [25,39]), providing valuable 
information on OGG plasticity. Comparison of CacOGGl structures reveals small conformational 
changes between 8-oxodG and DNA-bound forms while significant conformational deviations are 
observed when compared to the apo form [25,39]. In fact, the only difference between 8-oxodG and 
DNA-bound forms of CacOGGl lies in a small connecting loop (aM-aN) that is shifted due to a steric 
hindrance caused by the DNA backbone. 

While few conformation changes are observed for the protein main chain, side-chain reorganization 
is found in the vicinity of the 8-oxoG binding site. The most striking conformational changes involve a 
conserved bulky residue that undergoes a large reorganization after 8-oxoG (or 8-oxodG) binding 
(Figure 5). In OGGl a conserved Phe (Phe319 in hOGGl and Phe282 in CacOGGl) (and the whole 
helix aO bearing the Phe) moves from a distal position to a stacking position forming a 7i-like 
sandwich with the 8-oxoG six-membered ring and another phenylalanine. This Phe319 reorganization 
over 8-oxoG allows the rotation of Gln315 (Gln278 in CacOGGl), which forms a H-bond with the Nl 
atom of 8-oxoG. The same situation occurs in both 0GG2 and AGOG with a conserved tryptophan 
(Trpl98 in MjaOGG2 and Trp222 in paAGOG), but in contrast to the OGGl Phe, the moving 
tryptophan stacks against both rings of 8-oxoG. In addition. Asp 194 in 0GG2 and Asp218 in AGOG, 
which are structurally equivalent to Gln315 in OGGl, do not move upon 8-oxoG binding. It is 
noteworthy that the residue interacting with the N7-H atom of 8-oxoG which is largely responsible for 
the 8-oxoG/G distinction in all OGG (see previous section) remains in place and does not undergo any 
noticeable movement upon binding the oxidized guanine. 

Residues that contact 8-oxoG are not the only ones that move upon DNA binding. Several amino 
acids interacting with both DNA bases and DNA backbone display changes in their conformation to 
bind or accommodate DNA. In hOGGl the aE-aF loop and its NNN motif display a significant 
reorganization after DNA binding, shifting its position by as much as 4-9 A [26]. The hOGGl NNN 
motif interacts mainly with the DNA backbone through a main-chain amide group. It is noteworthy 
that the A^-terminus Asn of the NNN motif occupies the position left vacant in the DNA double helix 
by 8-oxoG flipping into the binding site [29]. In the bacterial CacOGGl, however, the aE-aF loop and 
the degenerated NN motif do not move upon DNA binding and seem to be already in place to bind the 
DNA backbone. In CacOGGl as well as in 0GG2, the Asn corresponding to the hOGGl NNN motif 
inserts itself into the DNA duplex with minor reorganization of its side chain. Finally, one more 
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significant structural change is observed upon DNA binding involving either a His or a Trp in either 
OGGl or 0GG2 and the phosphate group of the 8-oxoG nucleotide. In hOGGl, His270 gets pushed 
away by Phe3 19 flipping, which in turns allows the formation of a H-bond with the phosphate group of 
the 8-oxoG nucleotide. A similar situation is observed with Trp243-Phe282 in CacOGGl and 
Hisl48-Trpl98 in MjaOGG2. Unfortunately, the lack of a structure of AGOG in complex with DNA 
prevents us from fully analyzing possible structural reorganization in this sub-family of glycosylases. 

2,6, Catalytic Mechanism 

Despite the lack of sequence homology, OGG enzymes are all described as bifunctional enzymes, 
which have both glycosylase and P-lyase activities in vitro. The AP-lyase activity was first identified 
in yOGGl through the formation of a covalent bond between the enzyme and substrate DNA in the 
presence of sodium borohydride [38]. It is believed that all OGG enzymes share the same catalytic 
mechanism as that observed for hOGGl [46,49]. Monofunctional glycosylases proceed through an 
oxocarbenium ion or an activated water molecule as the nucleophile in a single-step mechanism to 
cleave the glycosylic bond [31,37,47,50-53]. On the other hand, OGG uses a conserved aspartate as 
the catalytic residue and the DNA abasic site is cleaved 3' of the lesion in a mechanism involving the 
formation of a Schiff base intermediate through a conserved lysine residue in vitro (see below) [54,55]. 
However, recent and extensive study of the hOGGl catalytic mechanism suggests [47] that the 
bifunctional nature of OGG might be incidental and the monofunctional pathway is most probable 
under physiological conditions. In the previously proposed bifunctional glycosylase/lyase mechanism 
the catalytic aspartic residue (Asp268 in hOGGl) activates the nucleophilic lysine (Lys249 in 
hOGGl), which in turn is responsible for the formation of a covalent Schiff base intermediate. The 
Schiff base is then hydrolyzed with a water molecule generated from the P-elimination [29,54-56]. 
Unfortunately, the bifunctional catalytic mechanism does not explain some experimental observations. 
For example, it was shown by Morland et al. [57] that the AP-lyase activity of hOGGl is inhibited in 
the presence of free 8-oxoG. In addition, the authors showed that the Schiff base formation was 
abrogated at physiological concentrations of magnesium. Furthermore, in the hOGGl structure in 
complex with DNA containing an abasic site analog Lys249 is far away from the catalytic Asp268, 
questioning its putative deprotonation [26,56]. Also, it was demonstrated that AP sites are more 
efficiently repaired by pol pfoUowing APEl then by hOGGl [58]. Finally, the A^-glycosylic bond 
cleavage is at least 10-time faster than the cleavage of an abasic site [59,60], an observation which is 
difficult to reconcile with the fact that both enzyme and substrate are already in place to allow the 
second step of the reaction. These observations lead to a proposal of a monofunctional catalytic 
mechanism in which the weak AP-lyase activity of hOGGl appears to be fortuitous [47]. It is therefore 
most probable that an AP-endonuclease such as APEl in human is responsible for the AP-lyase 
activity under physiological conditions [58-60]. Biochemical and structural analyses performed by 
Dalhus et al. [47] on separation-of-function hOGGl mutants confirmed Asp268 as the catalytic residue 
responsible for the monofunctional removal of 8-oxoG. Their data also suggest that Lys249 is in fact 
involved in the recognition and final alignment of 8-oxoG in the catalytic site by binding the 8-oxo 
atom prior to the base hydrolysis, though this remains to be confirmed. They also suggest that the weak 
lyase activity is merely the consequence of the proximity of the s-amino group of Lys249 to the CT 
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deoxyribose atom rather than an essential function of hOGGl. A recent finding described in 
Crenshaw et al. [48], in which a guanine is bound in the hOGGl active site without being cleaved by 
the enzyme, tends to provide additional evidence of the role of Lys249 in the correct positioning or 
final alignment of 8-oxoG in a catalytically favorable position. 

2. 7. Estranged Base Binding Site 

In contrast to 8-oxoG recognition and the OGG catalytic mechanism, the binding of the base 
opposite the lesion is well understood. While eukaryotic OGGl cleaves 8-oxoG only when paired with 
cytosine, bacterial OGGl, 0GG2, and AGOG are less picky about the base opposite the lesion (also 
called the orphaned or estranged base) [24,25,28,29,39]. The availability of atomic structures of 
hOGGl in complex with DNA containing 8-oxoG:C and the bacterial CacOGGl in complex with 
8-oxoG:C and 8-oxoG:A as well as the 0GG2 MjaOGG2 with 8-oxoG:C provides the unique 
opportunity to identify key residues involved in binding the estranged base. Four residues in hOGGl 
were found to interact with the opposite cytosine, namely Asnl04, Argl54, Tyr203, and Arg204 
(Figure 6). Tyr203 is involved in a H-bond with the 04' of the deoxyribose of the orphaned cytosine 
and stacks between the cytosine and the subsequent base, causing a kink in the DNA. In addition, the 
hydroxyl group of Tyr203 is H-bonded to the Asnl04 side-chain carbonyl thereby stabilizing the latter 
in a position suitable to H-bond with the cytosine. However, most of the specific binding of the 
estranged cytosine occurs via two arginine residues (Argl54 and Arg204) that bind the base from both 
sides of the ring, greatly reducing its freedom of movement. The particular arrangement of these three 
residues (two arginines and one asparagine) creates a unique profile of H-bond acceptors and donors 
that can only be matched by a cytosine. Interestingly, the natural variant Argl54His in hOGGl was 
identified to have relaxed selectivity for the opposite base and is associated with colorectal 
tumors [61]. The bacterial OGGl CacOGGl is much less stringent and can efficiently cleave 8-oxoG 
when paired to any base [24,25,39]. The reason for this decreased specificity seems to be that the 
hOGGl-Argl54 structural homolog is replaced by a methionine (Metl32) in CacOGGl. This change 
allows the cytosine to be less well stabilized and permits the binding of base with a different pattern of 
H-bond donors/acceptors. Furthermore, the residue corresponding to Tyr203 in hOGGl (Phel79 in 
CacOGGl) cannot participate in the stabilization of Asnl27, which in turn creates a more flexible 
binding site. This is further supported by the movement observed in Asnl27 in the complex of 
CacOGGl with 8oxoG:A. In that structure, Asnl27 is shifted backward and its side chain is flipped by 
180° to accommodate the bulkier adenine (compared to cytosine) in the binding site (Figure 6D). 
Site-directed mutagenesis of Metl32 and Phel79 in CacOGGl to the corresponding residues in 
hOGGl (Argl54 and Tyr203) yields a CacOGGl variant protein with a drastically increased 
specificity for 8-oxoG:C [24]. Finally, the decreased specificity of CacOGGl toward the estranged 
base may explain why CacOGGl, unlike hOGGl, is able to cleave 8-oxoG in single-stranded DNA. 
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Figure 6. Close-up view of the interactions of OGG with the estranged base. 

(A) Interactions between the estranged cytosine and hOGGl (PDB ID: lEBM [29]). The 
cytosine is well stabilized by an extensive network of hydrophilic interactions involving 
two arginines (Argl54 and 204) and one asparagine (Asnl49). Interaction with Phe203 
locks Asnl49 in a position favorable to interact with the N4 amine of cytosine; 

(B) Interactions between the estranged cytosine and MjaOGG2, an 0GG2 member (PDB 
ID: 3KNT [28]). Only Arg84 interacts with the cytosine. Arg84 is the structural homologue 
of Arg204 in hOGGl. This weak stabilization of the orphaned base allows the binding of 
any nucleotide at this position; (C) and (D) Hydrophilic interactions between bacterial 
OGGl CacOGGl and the orphaned base in the 8-oxoG:C and the 8-oxoG:A complexes, 
respectively (PDB ID: 3I0W and 3I0X [39]). 




Similarly to bacterial OGGl, both 0GG2 and AGOG display little or no preference for the base 
opposite the lesion. In hOGGl, the estranged cytosine is very tightly stabilized with four residues 
(Asnl04, Argl54, Tyr203, and Arg204). In the structure of MjaOGG2 in complex with DNA 
containing 8-oxoG:C only one residue (Arg84) forms a H-bond with the cytosine; even Phe85, which 
corresponds to Tyr203 in hOGGl and Phel79 in CacOGGl, does not interact with the 04' of the 
ribose. The paucity of binding residues creates a wide and unspecific binding pocket allowing the 
binding of any of the four bases. The lack of AGOG structure in complex with DNA, along with its 
unconventional HhH-GPD motif and its presumably different DNA binding mode, prevents us from 
unambiguously assigning residues that may bind the estranged base. Finally, there seems to be a 
correlation between the lack of opposite base specificity and a glycosylase's ability to cleave 8-oxoG 
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in single-stranded DNA. Indeed, in contrast to bacterial OGGl, 0GG2 and AGOG, hOGGl is unable 
to cleave 8-oxoG in single-stranded DNA [24]. 

3. Conclusions 

The recent availability of crystal structures of all OGG subfamilies has allowed a better 
understanding of the repair pathway of oxidized guanine. OGG appears to share a conserved 
two-domain fold with each domain flanking the HhH-GPD motif, whereas OGGl harbors an 
additional A^-terminal domain of unclear function. Sharing the same active site architecture, it is not 
surprising that all OGG cleave 8-oxoG using the same catalytic mechanism. New evidence tends to 
assign a monofiinctional mechanism for OGG in vivo rather than bifunctional. Even if the AP lyase 
activity was detected by trapping the Schiff base intermediate in vitro, the presence of a conserved 
lysine in close proximity to the 8-oxoG ribose appears to be fortuitous in terms of catalysis. This lysine 
could be important for 8-oxoG alignment to the binding site by specifically interacting with the 
substrate 8-oxo group, though it remains to be confirmed. Eukaryotic OGGl appears to have a greater 
specificity for cutting 8-oxoG when paired to cytosine while the corresponding bacterial and archaeal 
enzymes can also cut 8-oxoG paired to adenine and are active in single-strand cleavage. The increased 
specificity of these higher organism enzymes could be an evolutionary adaptation to the multiplicity 
and greater selectivity of eukaryotic DNA repair systems. To further understand OGG enzymes, a 
structure of a complex between an AGOG and DNA will be needed to shed light on the role of its 
atypical HhH-GPD motif. Crystallization of an OGG in complex with single- stranded DNA will also 
provide valuable information on the manner in certain OGG members bind DNA and the structural 
mechanisms underlying such binding. 

Acknowledgments 

Frederick Faucher is supported by a Fonds de recherche du Quebec Sante post-doctoral fellowship 
and Zongchao Jia is a Killam Research Fellow and holds a Canada Research Chair in Structural 
Biology. The work in Sylvie Doublie's laboratory is supported by a National Institutes of Health Grant 
POl CA098993. 

References 

1. Fraga, C.G.; Shigenaga, M.K.; Park, J.W.; Degan, P.; Ames, B.N. Oxidative damage to DNA 
during aging: 8-hydroxy-2'-deoxyguanosine in rat organ DNA and urine. Proc. Natl. Acad. Sci. 
USA 1990, S7, 4533^537. 

2. Steenken, S.; Jovanovic, S.V. How easily oxidizable is DNA? One-electron reduction potentials 
of adenosine and guanosine radicals in aqueous solution. /. Am. Chem. Soc. 1997, 779, 617-618. 

3. Neeley, W.L.; Essigmann, J.M. Mechanisms of formation, genotoxicity, and mutation of guanine 
oxidation products. Chem. Res. Toxicol. 2006, 79, 491-505. 

4. Kasai, H.; Grain, P.F.; Kuchino, Y.; Nishimura, S.; Ootsuyama, A.; Tanooka, H. Formation of 
8 -hydroxy guanine moiety in cellular DNA by agents producing oxygen radicals and evidence for 
its repair. Carcinogenesis 1986, 7, 1849-1851. 



Int. J. Mol ScL 2012, 13 



6726 



5. Gedik, CM.; Collins, A. Establishing the background level of base oxidation in human 
lymphocyte DNA: Results of an interlaboratory validation study. FASEB J. 2005, 79, 82-84. 

6. Klaunig, J.E.; Kamendulis, L.M. The role of oxidative stress in carcinogenesis. Annu. Rev. 
Pharmacol. Toxicol. 2004, 44, 239-267. 

7. Saito, I.; Takayama, M.; Nakamura, T.; Sugiyama, H.; Komeda, Y.; Iwasaki, M. The most 
electron-donating sites in duplex DNA: Guanine-guanine stacking rule. Nucleic Acids Symp. Ser. 
1995, 191-192. 

8. Sugiyama, H.; Saito, I. Theoretical studies of GC-specific photocleavage of DNA via electron 
transfer: Significant lowering of ionization potential and 5 '-localization of HOMO of stacked GG 
bases in B-form DNA. /. Am. Chem. Soc. 1996, 118, 7063-7068. 

9. Giese, B. Long-distance electron transfer through DNA. Annu. Rev. Biochem. 2002, 77, 51-70. 

10. Gulp, S.J.; Cho, B.P.; Kadlubar, F.F.; Evans, F.E. Structural and conformational analyses of 
8-hydroxy-2'-deoxyguanosine. Chem. Res. Toxicol. 1989, 2, 416-422. 

11. Uesugi, S.; Ikehara, M. Carbon-13 magnetic resonance spectra of 8-substituted purine nucleosides: 
Characteristic shifts for the syn conformation. /. Am. Chem. Soc. 1977, 99, 3250-3253. 

12. Grollman, A.P.; Moriya, M. Mutagenesis by 8-oxoguanine: An enemy within. Trends Genet. 
1993, 9, 246-249. 

13. Kuchino, Y.; Mori, F.; Kasai, H.; Inoue, H.; Iwai, S.; Miura, K.; Ohtsuka, E.; Nishimura, S. 
Misreading of DNA templates containing 8-hydroxydeoxyguanosine at the modified base and at 
adjacent residues. Nature 1987, 527, 77-79. 

14. Shibutani, S.; Takeshita, M.; Grollman, A.P. Insertion of specific bases during DNA synthesis 
past the oxidation-damaged base 8-oxodG. Nature 1991, 349, 431^34. 

15. Wood, M.L.; Dizdaroglu, M.; Gajewski, E.; Essigmann, J.M. Mechanistic studies of ionizing 
radiation and oxidative mutagenesis: Genetic effects of a single 8-hydroxyguanine (7-hydro-8- 
oxoguanine) residue inserted at a unique site in a viral genome. Biochemistry 1990, 29, 7024-7032. 

16. Sarma, R.H.; Lee, C.H.; Evans, F.E.; Yathindra, N.; Sundaralingam, M. Probing the interrelation 
between the glycosyl torsion, sugar pucker, and the backbone conformation in C(8) substituted 
adenine nucleotides by IH and 1H-(31P) fast Fourier transform nuclear magnetic resonance 
methods and conformational energy calculations. /. Am. Chem. Soc. 1974, 9(5, 7337-7348. 

17. Tavale, S.S.; Sobell, H.M. Crystal and molecular structure of 8-bromoguanosine and 
8-bromoadenosine, two purine nucleosides in the syn conformation. /. Mol. Biol. 1970, 48, 109-123. 

18. Brieba, L.G.; Eichman, B.F.; Kokoska, R.J.; Doublie, S.; Kunkel, T.A.; Ellenberger, T. Structural 
basis for the dual coding potential of 8-oxoguanosine by a high-fidelity DNA polymerase. 
EMBO J. 2004, 23, 3452-3461. 

19. Hsu, G.W.; Ober, M.; Carell, T.; Beese, L.S. Error-prone replication of oxidatively damaged 
DNA by a high-fidelity DNA polymerase. Nature 2004, 431, 217-221. 

20. Denver, D.R.; Swenson, S.L.; Lynch, M. An evolutionary analysis of the helix-hairpin-helix 
superfamily of DNA repair glycosylases. Mol. Biol. Evol. 2003, 20, 1603-1611. 

21. Castaing, B.; Geiger, A.; Seliger, H.; Nehls, P.; Laval, J.; Zelwer, C.; Boiteux, S. Cleavage and 
binding of a DNA fragment containing a single 8-oxoguanine by wild type and mutant FPG 
proteins. Nucleic Acids Res. 1993, 21, 2899-2905. 



Int. J. Mol ScL 2012, 13 



6727 



22. Michaels, MX.; Pham, L.; Cruz, C; Miller, J.H. MutM, a protein that prevents G.C^T.A 
transversions, is formamidopyrimidine-DNA glycosylase. Nucleic Acids Res. 1991, 79, 3629-3632. 

23. Matsumoto, Y.; Zhang, Q.M.; Takao, M.; Yasui, A.; Yonei, S. Escherichia coli Nth and human 
hNTHl DNA glycosylases are involved in removal of 8-oxoguanine from 8-oxoguanine/guanine 
mispairs in DNA. Nucleic Acids Res. 2001, 29, 1975-1981. 

24. Robey-Bond, S.M.; Barrantes-Reynolds, R.; Bond, J.P.; Wallace, S.S.; Bandaru, V. Clostridium 
acetobutylicum 8-oxoguanine DNA glycosylase (Ogg) differs from eukaryotic Oggs with respect 
to opposite base discrimination. Biochemistry 2008, 47, 7626-7636. 

25. Faucher, F.; Robey-Bond, S.M.; Wallace, S.S.; Doublie, S. Structural characterization of 
Clostridium acetobutylicum 8-oxoguanine DNA glycosylase in its apo form and in complex with 
8-oxodeoxyguanosine. /. Mol. Biol. 2009, 387, 669-679. 

26. Bj0ras, M.; Seeberg, E.; Luna, L.; Pearl, L.H.; Barrett, T.E. Reciprocal "flipping" underlies 
substrate recognition and catalytic activation by the human 8-oxo-guanine DNA glycosylase. 
/. Mol. Biol. 2002, 377, 171-177. 

27. Faucher, F.; Duclos, S.; Bandaru, V.; Wallace, S.S.; Doublie, S. Crystal structures of two archaeal 
8-oxoguanine DNA glycosylases provide structural insight into guanine/8 -oxoguanine distinction. 
Structure 2009, 77, 703-712. 

28. Faucher, F.; Wallace, S.S.; Doublie, S. The C-terminal lysine of Ogg2 DNA glycosylases is a major 
molecular determinant for guanine/8-oxoguanine distinction. /. Mol. Biol. 2010, 397, 46-56. 

29. Bruner, S.D.; Norman, D.P.; Verdine, G.L. Structural basis for recognition and repair of the 
endogenous mutagen 8-oxoguanine in DNA. Nature 2000, 403, 859-866. 

30. Lingaraju, G.M.; Sartori, A. A.; Kostrewa, D.; Prota, A.E.; Jiricny, J.; Winkler, F.K. A DNA 
glycosylase from Pyrobaculum aerophilum with an 8-oxoguanine binding mode and a 
noncanonical helix-hairpin-helix structure. Structure 2005, 13, 87-98. 

31. Labahn, J.; Scharer, O.D.; Long, A.; Ezaz-Nikpay, K.; Verdine, G.L.; EUenberger, T.E. Structural 
basis for the excision repair of alkylation-damaged DNA. Cell 1996, 86, 321-329. 

32. Dantzer, F.; Luna, L.; Bj0ras, M.; Seeberg, E. Human OGGl undergoes serine phosphorylation 
and associates with the nuclear matrix and mitotic chromatin in vivo. Nucleic Acids Res. 2002, 30, 
2349-2357. 

33. Nishioka, K.; Ohtsubo, T.; Oda, H.; Fujiwara, T.; Kang, D.; Sugimachi, K.; Nakabeppu, Y. 
Expression and differential intracellular localization of two major forms of human 8-oxoguanine 
DNA glycosylase encoded by alternatively sphced OGGl mRNAs. Mol. Biol. Cell 1999, 10, 
1637-1652. 

34. Singh, K.K.; Sigala, B.; Sikder, H.A.; Schwimmer, C. Inactivation of Saccharomyces cerevisiae 
OGGl DNA repair gene leads to an increased frequency of mitochondrial mutants. 
Nucleic Acids Res. 2001,29, 1381-1388. 

35. The Human Protein Reference Database. Available online: http://www.hprd.org/index_html 
(accessed on 1 May, 2012). 

36. Harrison, S.C. A structural taxonomy of DNA-binding domains. Nature 1991, 353, 715-719. 

37. Thayer, M.M.; Ahem, H.; Xing, D.; Cunningham, R.P.; Tainer, J.A. Novel DNA binding motifs 
in the DNA repair enzyme endonuclease III crystal structure. EMBO J. 1995, 14, 4108-4120. 



Int. J. Mol ScL 2012, 13 



6728 



38. Nash, H.M.; Bruner, S.D.; Scharer, O.D.; Kawate, T.; Addona, T.A.; Spooner, E.; Lane, W.S.; 
Verdine, G.L. Cloning of a yeast 8-oxoguanine DNA glycosylase reveals the existence of a 
base-excision DNA-repair protein superfamily. Curr. Biol 1996, 6, 968-980. 

39. Faucher, F.; Wallace, S.S.; Doublie, S. Structural basis for the lack of opposite base specificity of 
Clostridium acetobutylicum 8-oxoguanine DNA glycosylase. DNA Repair (Amst) 2009, 8, 1283-1289. 

40. Banerjee, A.; Yang, W.; Karplus, M.; Verdine, G.L. Structure of a repair enzyme interrogating 
undamaged DNA elucidates recognition of damaged DNA. Nature 2005, 434, 612-618. 

41. Radom, C.T.; Banerjee, A.; Verdine, G.L. Structural characterization of human 8-oxoguanine 
DNA glycosylase variants bearing active site mutations. /. Biol Chem. 2007, 282, 9182-9194. 

42. Asagoshi, K.; Yamada, T.; Terato, H.; Ohyama, Y.; Ide, H. Enzymatic properties of 
Escherichia coli and human 7,8-dihydro-8-oxoguanine DNA glycosylases. Nucleic Acids Symp. 
Ser. 2000, 11-12. 

43. Asagoshi, K.; Yamada, T.; Terato, H.; Ohyama, Y.; Monden, Y.; Arai, T.; Nishimura, S.; 
Aburatani, H.; Lindahl, T.; Ide, H. Distinct repair activities of human 7,8-dihydro-8-oxoguanine 
DNA glycosylase and formamidopyrimidine DNA glycosylase for formamidopyrimidine and 7, 
8-dihydro-8-oxoguanine. /. Biol Chem. 2000, 275, 4956-4964. 

44. David, S.S.; O'Shea, V.L.; Kundu, S. Base-excision repair of oxidative DNA damage. Nature 
2007, 447,941-950. 

45. Hamm, M.L.; Gill, T.J.; Nicolson, S.C.; Summers, M.R. Substrate specificity of Fpg (MutM) and 
hOGGl, two repair glycosylases. J. Am. Chem. Soc. 2007, 729, 7724-7725. 

46. Lingaraju, G.M.; Prota, A.E.; Winkler, F.K. Mutational studies of Pa- AGOG DNA glycosylase 
from the hyperthermophilic crenarchaeon Pyrobaculum aerophilum. DNA Repair (Amst.) 2009, 8, 
857-864. 

47. Dalhus, B.; Forsbring, M.; Helle, LH.; Vik, E.S.; Forstrom, R.J.; Backe, P.H.; Alseth, L; Bj0ras, M. 
Separation-of-fiinction mutants unravel the dual-reaction mode of human 8-oxoguanine DNA 
glycosylase. Structure 2011, 79, 117-127. 

48. Crenshaw, CM.; Nam, K.; Oo, K.; Kutchukian, P.S.; Bowman, B.R.; Karplus, M.; Verdine, G.L. 
Enforced presentation of an extrahelical guanine to the lesion-recognition pocket of the human 
8-oxoguanine DNA glycosylase, hOGGl. /. Biol. Chem. 2012, (in press). 

49. Gogos, A.; Clarke, N.D. Characterization of an 8-oxoguanine DNA glycosylase from 
Methanococcus jannaschii. J. Biol. Chem. 1999, 274, 30447-30450. 

50. McCann, J. A.; Berti, P.J. Transition-state analysis of the DNA repair enzyme MutY. /. Am. 
Chem. Soc. 2008, 130, 5789-5797. 

51. Werner, R.M.; Stivers, J.T. Kinetic isotope effect studies of the reaction catalyzed by uracil DNA 
glycosylase: Evidence for an oxocarbenium ion-uracil anion intermediate. Biochemistry 2000, 39, 
14054-14064. 

52. Lau, A.Y.; Scharer, O.D.; Samson, L.; Verdine, G.L.; Ellenberger, T. Crystal structure of a human 
alkylbase-DNA repair enzyme complexed to DNA: Mechanisms for nucleotide flipping and base 
excision. Cell 1998, 95, 249-258. 

53. Mol, CD.; Arvai, A.S.; Slupphaug, G.; Kavli, B.; Alseth, I.; Krokan, H.E.; Tainer, J.A. 
Crystal structure and mutational analysis of human uracil-DNA glycosylase: Structural basis for 
specificity and catalysis. Cell 1995, 80, 869-878. 



Int. J. Mol ScL 2012, 13 



6729 



54. Norman, D.P.; Chung, S.J.; Verdine, G.L. Structural and biochemical exploration of a critical 
amino acid in human 8-oxoguanine glycosylase. Biochemistry 2003, 42, 1564-1572. 

55. Nash, H.M.; Lu, R.; Lane, W.S.; Verdine, G.L. The critical active-site amine of the human 
8-oxoguanine DNA glycosylase, hOggl: Direct identification, ablation and chemical reconstitution. 
Chem. Biol 1997, 4, 693-702. 

56. Norman, D.P.; Bruner, S.D.; Verdine, G.L. Coupling of substrate recognition and catalysis by a 
human base-excision DNA repair protein. /. Am. Chem. Soc. 2001, 123, 359-360. 

57. Morland, L; Luna, L.; Gustad, E.; Seeberg, E.; Bj0ras, M. Product inhibition and magnesium 
modulate the dual reaction mode of hOggl. DNA Repair (Amst.) 2005, 4, 381-387. 

58. AUinson, S.L.; Dianova, LL; Dianov, G.L. DNA polymerase beta is the major dRP lyase involved in 
repair of oxidative base lesions in DNA by mammahan cell extracts. EMBO J. 2001, 20, 6919-6926. 

59. Hill, J.W.; Hazra, T.K.; Izumi, T.; Mitra, S. Stimulation of human 8-oxoguanine-DNA 
glycosylase by AP-endonuclease: Potential coordination of the initial steps in base excision repair. 
Nucleic Acids Res. 2001, 29, 430-438. 

60. Vidal, A.E.; Hickson, LD.; Boiteux, S.; Radicella, J.P. Mechanism of stimulation of the DNA 
glycosylase activity of hOGGl by the major human AP endonuclease: Bypass of the AP lyase 
activity step. Nucleic Acids Res. 2001, 29, 1285-1292. 

61. Audebert, M.; Radicella, J.P.; Dizdaroglu, M. Effect of single mutations in the OGGl gene found 
in human tumors on the substrate specificity of the Oggl protein. Nucleic Acids Res. 2000, 2S, 
2672-2678. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http ://creativecommons . org/licenses/by/3 . 0/) . 



